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NUCLEAR EMULSION
SPECIAL, THIWCK. FILM AgBr 3D, sub ym PRECISION
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CERN H6 beam 120 GeV PJONS

SILICON PIXEL ASSEMBLY
256x256 55um pixels
EXPOSURE TIME 50 ms

BEAM HODOSCOPE
&
TARGET
&
DETECTOR

14.08 mm

256 pixels

v

y | Medipix2 FRAME P04-0356
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BUMP BONDING Medipix2

BUMP DEPOSITION
& SEM PHOTOS
COURTESY MCNC-RDI DURHAM NC

PITCH 55 pm HIGH RESISTIVITY

Si SENSOR MATRIX
CANBERRA SEMICONDUCTOR

0.25 ym CMOS CHIP

CERN 2001

CAMPBELL & LLOPART
256 COLUMNS x 256 ROWS
pixel 55um x 55 ym
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DISCUSS SEVERAL DEVICES
from MEDIPIX FAMILY

MEDIPIX2
TIMEPIX
MEDIPIX3

INTENDED for 2D X-RAY IMAGING
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MAIN FUNCTIONALITY

SIGNAL PROCESSING in EACH PIXEL

TUNABLE THRESHOLD SETTINGS

13 bit REGISTER in EACH PIXEL

ADJUSTABLE FRAME EXPOSURE TIME us - min

MEDIPIX2 COUNTING SIGNALS between LOWER/UPPER THRESHOLD

TIMEPIX CLOCK 10 MHz - 100 MHz to EACH PIXEL :
COUNTS from FIRST SIGNAL ARRIVAL TIME DRIFT TIME

COUNTS TOTAL TIME of SIGNAL(S) over THRESHOLD TOT

MEDIPIX3 SPECTROSCOPIC MODE,
SUMMING of COINCIDENT SIGNALS in ADJACENT PIXELS
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MEDIPIX2 PARTNERS
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THANKS TO

R&D, DESIGN WORK by the CERN MEDIPIX team

MICHAEL CAMPBELL, team leader
XAVI LLOPART

LUKAS TLUSTOS

RAFA BALLABRIGA

WINNIE WONG

EH

& CERN-MICROELECTRONICS GROUP
8-YEAR R&D EFFORTS by MEDIPIX COLLABORATION

WORK in the BEAM 2006: RYAN FIELD, SUMMER STUDENT NCSU
2007: JOHN IDARRAGA, voNTREAL, DOMINIC GREIFFENBERG, FREIBURG
2008: DAAN BOLTJE, NIKHEF
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SCHEMATIC LHC

BEAM P . o BEAM
CLEANING 4 : CLEANING
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LHC UNDERGROUND
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CERN LHC COOLING DOWN

Erik HEIUNE CERN PH Dept Instrumen tation Division Seminar, BNL 25 June 2008 12



LOW NOISE
(relative to microstrips)
ELECTRONICS READOUT
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MEDIPIX2 PIXEL BLOCK DIAGRAM

accepts positive and negative input  different detector materials

charge sensitive preamplifier with individual leakage current compensation CSA 65 536 X
2 discriminators with globally adjustable threshold

3-bit local fine tuning of the threshold per discriminator

1 test and 1 mask bit

external shutter activates the counter Shutter l
13-bit pseudo-random counter/ 3 bits threshold Maskbit Mux

shift reqgister . >
) Polarity  ¢jockOut

Vth Low ——™_ : ‘
w Mux Aul

Previous Pixel

Y

Y

Double
P
@ bl Disc logic _
¢ 13 bits
Disc2
i Shift r Y )
e Vth High >
Clest —— ° Register
\4_ Testbit Conf >
3 bits threshold ~ Maskbit 8 bits configtration
Test Input !
Next Pixel
— g —

Analog Digital
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Medipix2 PIXEL CELL LAYOUT

CMOS technology 0.25um

6 metal layers

pixel cell has ~500 transistors =
chip ~33 million transistors

Static power consumption:
~8uW/channel @ 2.2 V

Amplifier Gain: ~11 uV/e
Electronic Noise: ~100 e rms.

Erik HEIUNE CERN PH Dept

55 pm

A
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Medipix2 PIXEL CELL LAYOUT

CMOS technology 0.25um
6 metal layers

pixel cell has ~500 transistors =
chip ~33 million transistors

Static power consumption:
~8uW/channel @ 2.2 V

Amplifier Gain: ~11 uV/e

55 pm

Electronic Noise: ~100 e rms.

A

AMPLIFIER

Erik HEIUNE CERN PH Dept

CONF. REGISTER

LOW, HIGH
COMPARATORS

DISC.LOGIC

COUNTER

Instrumentation Division Seminar, BNL 25 June 2008 16



EVEN SMALL SIGNALS CAN BE USED

000 ™ T T T m

SMALL PIXEL CELL

6000 | | - 55um x 55um
5 \
5 4000 - , < 100 1 THRESHOLD TRIMMING
2000 | } Vol
K i
e w0l 2000 000 45;11.;" 5000 E-;uqd_ 7000
e-

TRIMMED THRESHOLD DISPLACED to 'LOW' VALUE
1100 e or 4 keV in Si

GENERATED by M.L.P. in ~16 ym Si IN BEAM TEST 800 e” to 1000 e”
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TRUE 3D
TRACKING INFORMATION
from Si VOLUME



SETUP in Ho BEAM CERN

ACTIVE AREA SENSOR
. N 14.08x14.08 mm?
O 256x256 PIXELS

Qg? BEAM AXIS H6

. PERIPHERAL CHIP FUNCTIONS

\
WIREBOND CONNECTIONS
— ASSEMBLY SUPPORT PCB

FLAT CONNECTOR

beam > z (colums) USB PROCESSOR MODULE

y (thickness)
x (rows)
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H6 120 GeV PIONS

EXPOSURE 1s

14.08 mm

256 pixels

PARTICLE
'"TRAILS'
~ PARALLEL

v
Parallel Medipix2 P-02-0668
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120 GeV PIONS

INTERACTION in Medipix DETECTOR
Si 'EMULSION'

DECAY of NEUTRAL K ?

WHICH DIRECTION HAS TRAIL ?
PROJECTION CAUSES
AMBIGUITY : TOWARDS/AWAY

< 500 ym

@ July 2006 Parallel Medipix P-05-0583
AV Erik HEIUNE CERN PH Dept

Instrumentation Division Seminar, BNL 25 June 2008 24



120 GeV PIONS
ALL TRAILS in

SAME DIRECTION

i
¢
h
7
~ ;!
N\, N
NS

3-D RECONSTRUCTION

INTERACTION
190um behind SENSOR

N Parallel Medipix2 0016
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>, Instrumentation Division Seminar, BNL 25 June 2008 25




MUONS from nm, K DECAY

MEASUREMENTS MEDIPIX 2006

VECTORS & SUBMICRON PRECISION

Y Erik HEIUNE CERN PH Dept Instrumentation Division Seminar, BNL 25 June 2008 26



Ho BEAM DECAY MUONS + BACKGROUND

— — ELECTRONS
" ALPHA or NEUTRON
! _._'___,..--""
B 3 MUONS
- _ L o (a few dead pixels)

@ Parallel Medipix M-01-0025
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H6 DECAY MUONS : EFFICIENCY

-

#1

" #4

©

4 #5

<i>'

L #6

A FEW DEAD PIXELS

4 NO EFFECT on EFFICIENCY
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H6 DECAY MUONS : EFFICIENCY

/)
<>

L

#1

" #4
| #5

TOTAL ENERGY/CHARGE in a TRAIL

3.4 MeV or ~1Me "~

CAN BE USED FOR TIMING/TRIGGER

i

ll__.1

@)

=

Erik HEIUNE CERN PH Dept

#6

A FEW DEAD PIXELS

NO EFFECT on EFFICIENCY

Parallel Medipix M-01-0013
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SMALL-PIXEL CHARGE SHARING

CHARGE-SHARING & SINGLE - QUANTUM PROCESSING

MULTIPLE HITS for BINARY OPERATION if
SMALL PIXEL DIMENSIONS

THICK SENSOR MORE DIFFUSION DURING DRIFT
LOW TRESHOLD

EFFECTS on ENERGY SPECTRAL DISTRIBUTION
REDUCTION of PEAK
INCREASE LOW - ENERGY TAIL

TO BE SIGNFICANTLY REDUCED in MEDIPIX3
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CHARGE COLLECTION & LATERAL DIFFUSION

N
\ a
, NN N NO
N N N
GROUND N\ N2 \
N N ~N N N
N ~ N
N N
DRIFT \ N N ="
N i
~ > 3 a PARTICLE ~ MIDDLE of PIXELS
\ 3 TOP ROW
N
e = b PARTICLE CLOSE to REAR
+100V MIDDLE ROW

DIFFUSION width
shown EXAGGERATED
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CHARGE SHARING

a and b SHARE SIGNAL CHARGE

COMPARATOR SIGNAL if >~ 800 e

> 800/3800e > 20% PARTITION

DIFFUSION PRODUCES DOUBLE HITS
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MUON TRAILS : 'CLOSED' SEGMENTS

e —— «— #4

~ VECTOR MEASUREMENTS
from 'CLOSED SEGMENTS'

BOUNDED by SEQUENCES
of DOUBLE HITS

==~ ROW TRANSITION POINTS

Y Parallel Medipix M-01-0013
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HIGH RECONSTRUCTION PRECISION with MUONS

TRAIL (9Q,212)
T T T TR T I T T I ] T T T
_ I _i_ _ 1 _ g _I_ 3 __ J_ 0L _1_".
| I T T A L I I TR B T I I L B IO B 37
- e 1=
et S L BT O N O N O O I O U I S R N B
I | I I I I | I I | I | I I
ol — L0 L o — Lo 4L
8 ym ' BOX

440 ym

DOUBLE HITS ---> PRECISE ROW TRANSITION POINTS
CONSTRAIN TRAJECTORY to~ 0.05 ym (?7?)

HOW to DEAL with SUCH DATA
Parallel Medipix M-01-0013
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H6 DECAY MUONS

L HIGH PRECISION
—-— at OVERLAP POINTS

i

VECTOR MEASUREMENTS

-~ | + ANGULAR DISTRIBUTIONS

@ Parallel Medipix M-01-0013
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MUON VECTORS

Comparison of Tilt Angles for segments of Trail #4 in frame M01-013

Erik HEIUNE CERN PH Dept

Parallel Medipix M-01-0013

Instrumentation Division Seminar, BNL 25 June 2008 36

SEGMENT | SINGLE INCL. TILT
- HIT PIXELS | OVERLAP | mradian

open left 1 | 37 38.5 26.0

N = 2|43 48.5 20.6
' 337 45.5 22.0

i 4|41 48.5 20.6

541 49.5 20.2

— open|right 6 | 20 25.5 39.2
FIT on 5 pts 20.92

- PIXEL$ 1-256 | 219 256 23.4

~ F VECTOR MEASUREMENTS




H6 MUON ANGULAR DISTRIBUTION

N ANGULAR DISTRIBUTION
. S— VERTICAL PLANE

e N CONE of 15 mradians

: o oo T Hﬂ o | 0

Tilt Angle Vertical Plane (mradians)

ANGULAR DISTRIBUTION

14 +

2 L] HORIZONTAL PLANE
ol BFroquency + and - mixed

=il CONE of > 40 mradians
Hﬂ gl o mggmal +wide background

QQQQQQQQQQQQQQQQQQQQQ

Tilt Angle Horizontal Plane
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AUTO - RESIDUALS

: | USE MUON TRAIL SEGMENTS
TO PREDICT POSITIONS in
61 ROW OVERLAP POINTS
c>>’ S | (TAKE ALWAYS MIDDLE OF SEQUENCE)
54
=
=3
g, |
. L | RESIDUAL DISTRIBUTION
0 |
58N P N g RANGE + 2.5 ym =—p o = 0.8 ym

Bin pm
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TIMEPIX-TOT in H6 PION BEAM

QUASI-ANALOG
SIGNALS

INTERACTION
+ RECOILS

NOTE :
+ DELTA RAYS

+ BRAGG PEAK in
ENERGY DEPOSIT
at END of TRAILS

JOHN IDARRAGA
DOMINIC GREIFFENBERG
ERIK HEIJNE
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DELTA ELECTRONS in SILICON

June 2007

INCIDENT from RIGHT

TIMEPIX MODE TOT

JOHN IDARRAGA
DOMINIC GREIFFENBERG
ERIK HEIJNE

@)
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MEASUREMENTS with MIPs in Si TIMEPIX (2007)

1010
MUONS .
H6 in EHN1

50 a0
June 2007 170
100 <Gl

INCIDENT from RIGHT
50
"al 14
30

ANALYZED TRAIL

20

JOHN IDARRAGA 1

DOMINIC GREIFFENBERG 250
ERIK HEIJNE ) 100 150 200 2510
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TRAIL ANALYSIS FRAME 29853

DELTA

200 TRANSFERS TOP ROW

150

B S=ries

1 T 12 19 25 31 37V 43 459 55 B1 &F 72 T2 BE 91 97 103109 115 127 127 123 139 145 151 157 162 169 175 181 187 192 195 205

1 o 17 Z= 33 41 F=| 57 =S5 T3 E1 =9 97 105 113 121 1209 127 1

OS=ries1
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TIMEPIX-TOT in H6 PION BEAM

SAME FRAME ENLARGED, DIFFERENT FULL SCALE

M.I.P. TYPICALLY DEPOSITS 200 - 300 eV per um
Y 11- 16.5 keV in PIXEL TOT RANGE 70-95 (1 keV~6)
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ARE THERE APPLICATIONS ?

y Erik HEIUNE CERN PH Dept Instrumen tation Division Seminar, BNL 25 June 2008 44



TRACK VECTOR DETECTOR

3D TECHNOLOGY" MULTILAYER ASSEMBLY

Sensor
N TR IO I R R B R Interposer
P I 8 0§ 1 1 1 Interposer
Sensor

PROVIDES X,Y, ©,, Oy
intersecting position + angular direction

@ Erik HEIUNE CERN PH Dept
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STACKED CUBE

700 pm ¢ >

ELECTRICAL CONNECTIONS + READOUT

COMPONENTS 'EXIST'

EXTENSION
SENSOR CHIPS

14 mm

—
40 CHIP LAYERS

COOLING
CHIP SHEET

DIAMOND ?

25 pym 30 um

y Erik HEIUNE CERN PH Dept

3-D TECHNOLOGY ALREADY
APPLIED at LOS ALAMOS

14 mm

14 mm

SENSOR

300 ym

COOLING and SUPPORT
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3D STACKING
MAJOR EFFORTS in INDUSTRY




3D STACKING TECHNOLOGY
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SUPER ADVANCED TECHNOLOGY
TSUKUBA ASET K. Takahashi et al, Microel. Rel. 2003

20-pm-pitch Through-via

= (10-pm-sq.)

g Die : 50 pm
= = = —

S T <10 pm
i

|
Underfil ]l

Interposer

Fig. 2. 3D LSI chip stacking structure.

INCREASE of FUNCTIONAL DENSITY REQUIRES 3D STRUCTURES
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MEDIPIX STACKING & TILING : FIRST TRY

JAN VISSCHERS
DAAN BOLTJE
NIKHEF

NIBSEEF

Erik HEIUNE CERN PH Dept Instrumentation Division Seminar, BNL 25 June 2008




223

3 beam 1 cosmic

51



223

3 beam 1 cosmic

| flipped

52



223

3 beam 1 cosmic

| flipped

53



223

3 beam 1 cosmic

| flipped

54



223

3 beam 1 cosmic

| flipped

55



223

3 beam 1 cosmic

| flipped

56



223

3 beam 1 cosmic

| flipped

57



THE ROLE of
CMOS TECHNOLOGY STEPS



TRANSISTORS

SMALLER
FASTER
POWER
LITHO

PROPERTIES
WHICH TOOLS & TRICKS
y Erik HEIUNE CERN PH Dept
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SOI TRANSISTOR LETI

LETI-SOITEC 3.4
SOl TRANSISTOR 18 nm
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SOI TRANSISTOR LETI

LETI-SOITEC 3.4

SOI TRANSISTOR 18 nm
+ EPITAXIAL Si GROWTH

Y Erik HEIUNE CERN PH Dept Instrumentation Division Seminar, BNL 25 June 2008 61




IBM PRODUCTION in 65 nm
TSMC 45 nm
INTEL 45 nm

SOME DATA from
IEEE - IEDM Washington Dec 2007
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TRANSISTORS SMALLER

ITRS ROADMAP NODES 65-45-32-22-nm

IMPROVEMENT NEEDED

SOME ROADS TAKEN :

< 65 MOBILITY ENHANCEMENT by STRAIN

<45 LEAKAGE REDUCTION by HIGH k + METAL GATE
<22 MULTI GATE DEVICES

Y Erik HEIUNE CERN PH Dept Instrumentation Division Seminar, BNL 25 June 2008 63




PROGRESS in LITHOGRAPHY
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MASK TECHNOLOGY 130 nm - 35 nm
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45 nm INTEL : BETTER LITHOGRAPHY

Mrs Kelin KUHN, INTEL 18.2
SRAM CELL
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45 nm INTEL IN PRODUCTION : NEW GATE

65 nm
109 / _
A / anurut.-aa-mn_q______.-"
= ~ i
E 01 ammﬁmﬁ\\ // ’,/'/'
) CHANGE in TREND *i . N .,f’ e
] T 10 e ll.ll. ﬁ:%m
% — E E.}_{.m ", .-"'J/‘/
E +— [ LI: 0020 4 T T T .k -.\-.-‘-‘. T T T .HHI.H
'; 1 E 12 9 4B 48 -l].-l-k @ o2 04 0B D=2 1 12
i - 31 & WS W]
‘ . 45 nm

d50mm ZEOnm 130nm 130nm =nm EEnm  SEmm
Fip. 1 Intel scaling trend for imversion electrical Tax

7 'Effective Oxide Thickness'
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45 nm INTEL IN PRODUCTION : DRIVE

mm”.'[:ll:l'm'.f - 1Im{lsw-.-1:||:|—1ul..' ’e
. *ﬂ o # E- *
& R o o
= 1o Pr—— A i -ff
? r‘.-' "@ i JII_--" - :*_
E E / + ¥

A
et
[,
?H
&
L
&
"
g
*
-
1.

e ” ¥
I & s
ey
N A .S e e R
il 09 1.8 1.1 1.2 1.3 1.4 1.5 1.8 0 .4 (¥ B (L) 1.0 1.1 1.2 1.3
IDEAT (may,m) 3 AT {masium)

Fig. 11 NMOS lpser vs. lore shows 1.38mAum at 1.0V & 100nA Fig 10 PMOS lpeas vs. lope shows 1.07m&/pm at 1.0V & 100n4

1V 45 nm TRANSISTORS IMPROVED compared to 65 nm
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45 nm INTEL IN PRODUCTION

SRAM CELL

9 METAL STACK
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45 nm TSMC IN PRODUCTION

/(= STRAN, <110> 2
(ml o I

&.0E -0

I (b

4084 |

204 |

QDEH e
Fig. 3 Schematic illustration of stmin-optimized & T e
CMOS structures, atilizing <1 10 channel e-
SiGe, SMT and d-CESL. Fig. 7 NP-MOS output characteristic.

1B

1 V 1. B4

1.E-04

LT L Felmer O

"'l ] RS
1.E-DE TITET A

1.E-DE

e LA

1EOT \
1E08 -,,_/ '
1E08 \/ '
1E10 .

LOW LEAKAGE ! o

Erik HEIUNE CERN PH Dept Instrumentat Fig. & N/P-MOS sub-threshold 2008
charmcteriatic at Vd=1.0 & 0.03V.
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45 nm TSMC IN PRODUCTION

SMALL SRAM CELL

Fig. 12 X-TEM of 7+2ZM BECOL

proees 9 METAL STACK
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MEDIPIX3

ATTACKS CHARGE SHARING
NEED for MORE TRANSISTORS
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CHARGE SPREAD

ANALOG SHARING
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MEDIPIX3 PRELIMINARY SCHEMATIC

E E E From adjacent  Previous E::::c;u&
D‘ E F pixels (A, B, D) Pixel SR1 |
From adjacent I MUX
pixels (F, H, I) |
x2
15 bits
cluster Sl'l'iﬁ a
common RES?IIQTH 15 bits 3
control :
. Shift
logic Register
C " SR2
test Arbitration -
TestBit circuitry ‘_
i S
Test Pﬂf:ﬂﬂf}’ﬂﬂ‘
Inbut GainMode .
npu ThAdjustBit B TH<0:3> Next Pixel HFxt
ChSummingMode B TH<d> ModeContRW SR1 Pixel SR2
R DisablePixelCom . .
—— To adjacent AdjustTHH To adjacent pixels
ModeCS_Cilusterd (F, H, 1)

x3 pixels (A, B, D)

DESIGNER

IEEE NSS 2006, San Diego
Erik HEIUNE CERN PH Dept

CERN

Rafael BALLABRIGA
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STACKING

STACKING
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PROGRESS in Si SENSORS

DEPENDS on AVAILABLE

INDUSTRIAL TECHNOLOGY
0-D SINGLE DIODE 1955
1-D SEGMENTED DIODE mm 1960
QUASI 2-D DOUBLE-SIDED STRIPS 1965
TRUE 2-D CCD/MOS MATRIX 1971
PIXELS  wmonoorHYBRID 1989
PILLARS '3D' 1998
TRUE 3-D VOXELS next step ?
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END
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